We examine the ozone production from boreal forest fires based on a case study of Europe and Asia) resulting in a global net O 3 production of 6 Tg O 3 during the same time 8
(defined as the excess O 3 mixing ratio normalized by the increase in CO) and the 23 feasibility for using this ratio in estimating the O 3 production from the wildfires. Europe and Asia) resulting in a global net O 3 production of 6 Tg O 3 during the same time 8
period. On average, the fires increased the O 3 burden (surface-300 mbar) over Alaska 9 and Canada during summer 2004 by about 7-9%, and over Europe by about 2-3%. 10 
Introduction
1 Ozone (O 3 ) plays a central role in tropospheric chemistry as a primary source of 2 hydroxyl radicals and, by being toxic in nature, has negative impacts on human and plant 3 health. It is also estimated to be the third most important anthropogenic greenhouse gas 4 [Ramaswamy et al., 2001] . Anthropogenic sources and biomass burning release O 3 5 precursors including carbon monoxide (CO), nitrogen oxides (NO x ) and volatile organic 6 compounds (VOCs) into the atmosphere. Photochemical reaction of CO and VOCs with 7 the hydroxyl radical in the presence of NO x and sunlight results in the production of O 3 . 8
The production of tropospheric ozone in the Northern mid-latitudes is largely 9 impacted by anthropogenic sources [Chameides and Tan, 1981 ; Levy et al., 1985] . estimate the amount of ozone produced from boreal fires [Mauzerall et al., 1996; 15 McKeen et al., 2002] . However, the large-scale impacts of high latitude biomass burning 16 on the hemispheric tropospheric ozone budget are poorly quantified. 17 In here we apply a chemical transport model to evaluate various techniques used for 18 estimating the ozone production from a specific source, and include various model tracers 19 to gain a detailed insight into the limitations of these methods. We combine model 20 analysis with observations of CO and O 3 to quantify contributions of boreal fires to 21 Northern Hemispheric CO and O 3 burdens, a topic not very well explored so far. Our 22 analysis focuses on fires in Alaska and Canada in summer 2004. These fires were the 1 largest on record for Alaska, and the CO emissions for the North American boreal region 2 has been estimated as 30±5 Tg for June through August [Pfister et al., 2005] . A total of 3 about 11 million acres were burned in Alaska and Canada during that time period. The 4 study is supported by a comprehensive set of observations collected during the ICARTT 5 (International Consortium for Atmospheric Research on Transport and Transformation) 6 campaign. 7
CO is a long-lived tracer, and the relationship between mixing ratios of O 3 and CO in 8 transported regional plumes can be used as an indicator for the magnitude of net O 3 9 production from selected sources [Parrish et al., 1993] . It has been found that the 10 enhancement ratio (O 3 /CO), given as the excess O 3 mixing ratio normalized by the 11 increase in CO concentrations, is typically smaller for boreal forest fires than for tropical 12 biomass and savannah burning or urban and industrial plumes, due to a lower NO x : CO 13 emission ratio in boreal forest fires compared to the other sources [e.g. Andreae et al., 14 1994 ; Wofsy et al., 1992] . O 3 /CO of fire plumes is also expected to change with plume 15 age. For example, Yokelson et al. [2003] found an increase from 0.09 ppbv/ppbv in fresh 16 tropical biomass burning plumes to 0.22 ppbv/ppbv for plumes 2-4 days old. Thus, O 3 17 production downwind from the source region must be accounted for. 18 The structure of this paper is the following. 
Model Simulation
were taken from an inverse modeling study [Pfister et al., 2005] , and emissions for NO x 1 and VOCs were deduced from this inventory by applying emission factors based on 2 Andreae and Merlet [2001] . At the time these simulations were run, an emissions BB in the following. In one of these simulations (BBsrf), the wildfire emissions were 13 released at the lowest model layer and distributed in the boundary layer by the model 14 boundary layer scheme. Studies [Fromm et al., 2005; Damoah et al., 2006] have shown 15 that that fire induced convective clouds might transport fire emissions rapidly to higher 16 altitude. To test the sensitivity of our model to the emissions injection height, we 17 performed another simulation (BBvert), where the emissions were distributed evenly with 18 regard to number density between the surface and 9 km altitude. The 9 km altitude 19 represents an upper limit for the injection height based on estimates derived from the 20
Multi-Angle Imaging Spectro-Radiometer (MISR) and the Moderate Resolution Imaging 21
Spectro-Radiometer (MODIS) [Averill et al., 2005] . In a third simulation (noBB) used as 22 a reference, the emissions of the wildfires in Alaska and Canada were set to zero. 23 We included two fire tracers in the model. Tracers are emitted or produced from a 1 specific source, but undergo the same transport, chemistry, and physical processes as the 2 standard species. The first tracer incorporated into the simulations is a CO fire tracer 3 (COf), i.e. CO released from the Alaska/Canada wildfires. For the second tracer we 4 tagged the O 3 production resulting from hydrocarbon or CO oxidation in association with 5 the emissions of NO x from the fires. We refer to this tracer as O 3 NOx in the following. The 6 tagging technique for O 3 NOx takes into account the re-cycling of NO x from reservoirs such 7 as PAN by applying tags to all nitrogen-containing species. Although there are some 8 minor pathways to create O 3 without the presence of NO x , the accuracy of the tagging 9 technique has been estimated as better than 95% on a monthly basis [Lamarque et al., 10 2005 ]. The statistical analysis we perform using O 3 NOx in this study is expected to give a 11 comparable accuracy. Canada fires reached all the way to Europe. We list statistics for modeled CO and O 3 4 concentrations for the different platforms in Table 2 . The data included in the statistics 5 corresponds to those shown in Figures 1 and 2 , but in here we consider the entire altitude 6 range from the surface to 8 km. The T-test significance levels for simulations with and 7 without fire emissions are above 99% for all platforms indicating the samples have 8 significantly different means. It is interesting to note that the T-test statisctics comparing 9
BBvert and BBsrf show a somewhat higher significance level for O 3 compared to CO. 10 This suggests the modeled O 3 production from the fires is slightly more sensitive to the 11 injection height than the concentration fields of CO. 12
For most altitudes and platforms, the CO bias between model and observations is less 13 than 10% for both BBsrf and BBvert (see Figure 1 ). The mean bias as well as the 14 correlation improved upon adding fire emissions into the model, with the only exception 15 being the highest altitude bin for the NOAA P3 and DLR Falcon data set. We believe this 16 can partly be explained by the small data sample in these bins, and, associated with that, 17 the comparison is more strongly impacted by single events. This might also contribute to 18 the large bias in the 4-6 km bin for the DLR Falcon with other locations on the continent is its remote location allowing the sampling of 10 chemically well processed air masses. 11 CO at PICO-NARE was measured using a non-dispersive infrared absorption 12 instrument (Thermo Environmental, Inc., Model 48C-TL) modified as described by 13 Parrish et al. [1994] . O 3 was measured with a commercial ultraviolet absorption 14 instrument (Thermo Environmental Instruments Inc., Franklin, Massachusetts, Model 15 49C). Data are available as 1-minute averages. For the 2-hour averages used in this study 16 the precision for CO is estimated to be better than 9 ppbv and for O 3 better than 1 ppbv. 17 The correlation between the CO mixing ratios from the simulation BBsrf and the 9 observations is r=0.64 compared to a correlation of r=0.48 between noBB and the 10 observations. During times of intense biomass burning impact, the noBB run actually 11
shows slight enhancement in the CO concentrations as well, indicating that these outflow 12 events transported pollution from the fires together with elevated pollution from likely 13
North American anthropogenic sources. 14 The correlation between the measured and modeled O 3 is r=0.51 for the simulation 15 The enhancement ratio O 3 /CO is defined as the difference between the O 3 5 concentrations in a polluted air mass from that of background air, normalized by the 6 excess mixing ratio of CO. In the case of biomass burning plumes, the background 7 defines concentrations of CO and O 3 not linked to the fire emissions. 8
The change in the Northern Hemispheric net O 3 production rate due to the fires, 9 calculated by differencing net O 3 production rates in the BB and the noBB simulation, is 10 estimated as 6 Tg O 3 for June through August. This is contribution of 3% to the Northern 11
Hemispheric net ozone production. Normalizing by the total CO emissions for this time 12 period (30±5 Tg CO) yields a global average enhancement ratio for the fires in Alaska 13
and Canada of 0.12 ppbv/ppbv. In the following Sections we examine the feasibility of 14 estimating the O 3 production of North American boreal fires by using enhancement ratios 15 based on observed and modeled mixing ratios of CO and O 3 at PICO-NARE. 16
Determining the Enhancement Ratio from CO and O 3 Observations 17
There are two common ways to calculate O 3 /CO. The first, in the following 18 referred to as the "scatter technique", determines the enhancement ratio from the slope of 19 the linear fit of O 3 versus CO mixing ratios [Parrish et al., 1993] . The second, termed as 20 "enhancement technique", infers "background" concentrations of CO and O 3 from airmasses not affected by the considered pollution source (in our case the wildfires in 1 Alaska and Canada) and calculates the corresponding excess mixing ratios by subtracting 2 background concentrations from total concentrations [Mauzerall et al., 1998 ]. Both 3 methods are discussed in the following. 4
Scatter Technique 5
This technique has been applied in Figure 4 showing CO-O 3 scatter plots for observed 6 and modeled concentrations at PICO-NARE. The data were grouped into air masses with 7 varying biomass burning impact by using the magnitude of the observed CO mixing ratio r=0.28 when applying total CO mixing ratios as threshold. This slope is still higher than 19 the observed one and this is likely due to more strongly diluted plumes in the model 20 resulting from the coarse spatial resolution. As will be shown in Section 5.2, the selection 21 of more intense model fire plumes reduces the estimated slope. 22
The generally higher slopes for air masses least impacted by biomass burning sources 1 (defined as "non-fire plumes" here and characterized strongly by anthropogenic pollution 2 sources) compared to those more strongly impacted by the wildfires is consistent with 3 earlier studies [Wofsy et al., 1992; Andreae et al., 1994 , McKeen et al., 2002 and have 4 been explained by a lower NO x :CO emission ratio in boreal fires relative to urban and 5 industrial sources In Figure 4c we include results from a simulation where the NO x :CO 6 emission ratio for the wildfire emissions in the model was increased by a factor of 10 to 7 match the emission ratio of anthropogenic sources. The pronounced difference between 8 air masses with weak and with strong biomass burning impact is diminished in this case 9 supporting the hypothesis that the difference between O 3 production of anthropogenic 10 and biomass burning plumes can largely be explained by a difference in NO x :CO 11 emission ratios. 12
It is evident from Figure 4 that the limitations used in the selection of biomass burning 13 impacted air masses and the degree of mixing in the considered air masses have an effect 14 on the calculation of O 3 /CO. The observed and modeled correlations also indicate that 15 the enhancement ratio decreases the more strict the selection criteria applied are, and this 16 dependence will be looked into more closely in Section 5.2. 17
Enhancement Technique 18
The enhancement technique requires knowledge of the background concentrations, 19 and large uncertainties might be introduced if the background and its variability are not 20 well known. For modeling studies, however, the variability in background concentrations 21 can be determined accurately from a simulation where the considered emission source is 22
omitted. 23 Thus, provided accurate information about the variability in the background levels is 8 available, the enhancement technique allows a more accurate determination of O 3 /CO 9 than the scatter technique. The same technique applied to the model simulation in which 10 the NO x fire emissions were increased by a factor of 10 yields slopes on the order of 0.8, 11
i.e. close to the enhancement ratio estimated for anthropogenic sources. 12
Enhancement Ratios and O 3 Production 13
We used the model data to test the sensitivity of O 3 /CO derived with both the 14 scatter and the enhancement techniques to the degree to which air masses are impacted by 15 biomass burning. For the enhancement technique the background was derived from the 16 noBB simulation. In the case of the scatter technique it is evident that O 3 /CO is higher for the weakly 12 impacted plumes due to the mixing of the biomass burning impact with the impact of 13 other pollution sources. As mentioned earlier, during times of intense fire plumes, 14 increased pollution was also transported to PICO-NARE (Figure 3) As mentioned earlier, our model simulations not only include a CO fire tracer, but also 20 an O 3 fire tracer O 3 NOx that tracks the amount of O 3 produced from the NO x fire 21 emissions. One might assume that the global net O 3 production for this tracer equals the 22 amount derived when subtracting results for simulations with and without fire emissions 23 as has been done above (6 Tg O 3 ). However, the net O 3 production rate for the Northern 1
Hemisphere calculated from the O 3 fire tracer is higher, close to 9 Tg O 3 . The reasons for 2 this are due to the non-linearity in O 3 chemistry and are explored in the following 3 Section. 4
Changes in the O 3 Chemistry due to Fire Emissions 5
In Figure 7 we show correlations between the model CO and O 3 fire tracers and the 6 difference in O 3 and CO mixing ratios from BBsrf and noBB simulations defined as dO 3 7 and dCO, respectively. As can be seen, the correlation for CO is close to the 1:1 line, but 8
for O 3 the mixing ratios of O 3 NOx are clearly larger compared to dO 3 indicating that O 3 9 production related to the fires must have been offset by an increased loss of O 3 . 10
To explore the mechanisms behind the O 3 production from the fire emissions, we 11 compared O 3 concentrations, production and loss terms in the model for the simulations 12
BBsrf and noBB. The data set has been split into three groups of varying fire impact 13 determined by the ratio COf/CO. Statistics for the individual subsets are plotted in Figure  14 The increase in O 3 is caused by a strong net production of the fire tracer O 3 NOx in the 4 most impacted plumes with the magnitude decreasing with decreasing plume intensity. 5 This is shown in Figure 8d where we illustrate histograms for the O 3 NOx net chemical 6 production. Even though the strongest production takes place close to the source region, 7 continuing production is also evident in regions further downwind from the source. between runs with and without fire emissions. In contrast, the CO chemistry has a first-7 order linearity, thus the concentrations of the fire tracer COf are close to the difference of 8 CO concentrations simulated with and without fire emissions (Figure 7) . However, the 9 fires also impacted background levels of atmospheric CO to some extent. The high VOC 10 and CO emissions from the fires result in a reduction in average OH concentrations. This 11 in turn reduces the rate of oxidation of CO and results in increased background CO 12 levels. This increase has been estimated in the model by comparing the background CO 13 with fire emissions (calculated by subtracting COf from total CO concentrations in BBsrf) 14 to the CO field without fire emissions. For the Northern Hemisphere we calculate an 15 increase in the burden of background CO of up to 1 Tg CO. 16
Impact of Alaska/Canada Wildfires on the O 3 Budget 17
Finally, using the model results, we examine how increases in the CO and O 3 18 concentration fields related to the wildfires affected the Northern Hemispheric and the 19 regional trace gas budgets. In Figure 9 hPa range and up to 8% for the range surface-800 hPa. Averaged over the summer, the 12 contributions are on the order of 3% for both altitude ranges considered. These results 13
show that even though the fires had a rather small contribution to the large-scale 14 hemispheric budget of O 3 , over certain regions and altitudes, even far downwind from the 15 source itself, the impact is significant. show that the increase in the atmospheric burden of O 3 is a combination of a strong O 3 6 production due to precursors emitted by the fires, and an increased destruction of O 3 7 background levels resulting from reduced peroxy radical concentrations. 8
While the availability of satellite measurements of tropospheric CO concentrations 9 puts constraints on the CO emissions, uncertainties remain in how to constrain the 10 emissions of NO x and VOCs resulting in uncertainties in the estimated O 3 production. 11
Another unknown is the emissions injection height of the fires.. 12 The results of this study indicate that fires in the boreal region can have a significant 13 impact on the O 3 production over large parts of the Northern Hemisphere. We focused 14 our investigations on the wildfires in Canada BBvert and noBB and the platforms listed in Table 1 The mean percent bias and standard deviation (model minus measurement), correlation 5 coefficient r and number of data points for 2-km wide altitude bins are specified. 
